Procedures are described for the purification and crystallization of methanol dehydrogenase from the soluble fraction of the type I obligate methylotroph Methylomonas methanica strain Si. The crystallized enzyme is homogeneous as judged by acrylamide gel electrophoresis and ultracentrifugation. The enzyme had a high pH optimum (9.5) and required ammonium salt as an activator. In the presence of phenazine methosulfate as an electron acceptor, the enzyme catalyzed the oxidation of primary alcohols and formaldehyde. Secondary, tertiary, and aromatic alcohols were not oxidized. The molecular weight as well as subunit size of methanol dehydrogenase was 60,000, indicating that it is monomeric. The sedimentation constant (s2o,w) was 3.1S. The amino acid composition of the crystallized enzyme is also presented. Antisera prepared against the crystalline enzyme were nonspecific; they cross-reacted with and inhibited the isofunctional enzyme from other obligate methylotrophic bacteria. The crystalline methanol dehydrogenase had an absorption peak at 350 nm in the visible region and weak fluorescence peaks at 440 and 470 nm due to the presence of a pteridine derivative as the prosthetic group. A procedure was developed for the preparation of apo-methanol dehydrogenase. The molecular weights, sedimentation constants, electrophoretic mobilities, and immunological properties of apo-and holo-methanol dehydrogenases are identical. Apo-methanol dehydrogenase lacked the absorption peak at 350 nm and the fluorescence peaks at 440 and 470 nm and was catalytically inactive. All attempts to reconstitute an active enzyme from apomethanol dehydrogenase, using various pteridine derivatives, were unsuccessful.
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Methylotrophs are microorganisms that grow non-autotrophically on compounds containing one or more carbon atoms but no carbon-carbon bonds (3) . There are both obligate and facultative methylotrophs.
The methane-utilizing bacteria are obligately dependent on methane, methanol or dimethyl ether (obligate methylotrophs) as sole sources of carbon and energy for growth (7, 29) . Recently, Patt et al. (19) isolated facultative methane-ulizing bacteria that can also utilize more complex organic molecules as carbon and energy sources. On the basis of the structural organization of their intracytoplasmic membrane and the pathway of carbon assimilation, the methane-utilizing bacteria are divided into two distinct groups (5, 20, 22) . Bacteria with the socalled type I membrane structure utilize a pentose phosphate pathway of formaldehyde fixation for carbon assimilation and have an incomplete tricarboxylic acid cycle. The type II membrane bacteria utilize a serine pathway for carbon assimilation and have a complete tricarboxylic acid cycle (4, 5, 20, 22 (15) , and from various methanol-utliing bacteria (24) . Recently, we crystallized methanol dehydrogenase from the type II obligate methylotroph Methylosinus sporium (18) .
Wazinski and Ribbons (27) (27) .
Methylomonas methanica strain Si is a type I obligate methylotroph, containing particulate PMS-independent methanol oxidase as well as soluble PMS-dependent methnol dehydrogenase activities (6) . In this report, we describe the cUystallization and properties of the soluble methanol dehydrogenase from AM. methanica. We also report procedures for preparation and properties of apo-methanol dehydrogenase. MATEIALS (14) . The half-cystine content was determined as cysteic acid on the amino acid analyzer after 24 h of hydrolysis in the presence of 2% dimethyl sulfoxide (23) . The tryptophan content of the enzyme was determined after 24 h of hydrolysis in the presence of thioglycolic acid (11) .
Immunological techniques. Antisera against the crystallized methanol dehydrogenase were prepared as described by Meagher and Ormston (13) . The method of Stanier et al. (25) was used to detect serological cross-reactions on Ouchterlony double-diffusion plates.
The immunoglobulin fraction was separated from immune and normal rabbit serum by successive sodium sulfate fractionation (9) and was used for inhibition of methanol dehydrogenase activity. Varying amounts of the immunoglobulin fraction were incubated at room temperature with a constant amount of the enzyme in the assay mixture for 15 min. The enzyme assay was then initiated by addition of substrate to the incubation mixture. The immunoglobulin fraction from unimmunized rabbit serum did not inhibit methanol dehydrogenase activity and was used in control experiments.
Preparation of apo-methanol dehydrogenase. Crystallized methanol dehydrogenase (100 mg) in 10 ml was dialyzed for 48 h against four changes of 250 ml of 3 M KBr in 0.1 M sodium acetate buffer, pH 4.5, containing 0.5 mM ethyleneiaminetetraacetic acid. The dialysis medium was then changed to 0.1 M phosphate buffer, pH 7, containing 0.5 mM ethylendfiaminetetraacetic acid to remove KBr. The dialysis was carried out for 48 h against four changes of buffer.
Preparation of dihydro and tetrahydro derivatives of pterin The dihydro derivatives of pterin and pterin carboxylate were prepared as described by Kaufmann (8) , using zinc dust as catalyst. The tetrahydro derivatives of pterin and pterin carboxylate were prepared by catalytic hydrogenation in 1 N HCI with platinum oxide as catalyst (8) .
Preparation of Cofactor from methanol dehydrogenase. The cofactor from the crystalline methanol dehydrogenase solution (50 mg/5 ml) was prepared as described by G. T. Sperl (Ph.D. thesis, The University of Texas, Austin, 1973).
Reconstitution experiments. The apo-methanol dehydrogenase (5 mg/ml) solution was incubated independently with different pteridine derivatives (500 jAg/50 id) at 40C for 2 h. The activity of methanol dehydrogenase was determined after incubation. To study binding of the pteridine derivatives to the apomethanol dehydrogenase, the excess of pteridine derivatives was removed by dialysis for 36 h against 50 mM phosphate buffer, pH 7.0, with two changes of VOL. 133, 1978 buffer. After dialyss, the absorption spectrum and methanol dehydrogenase activity of the dialyzed solution were determined.
RESULTS
Purification and properties of methanol dehydrogenase fromM. methanic We have developed procedures for the crystallization of methanol dehydrogenase from a soluble fraction of M. methanica (Table 1) . During purification, methanol dehydrogenase was eluted in the void volume from a DEAE-cellulose column. Gel filtration on a Bio-Gel agarose A-1.5 column gave a major protein peak consisting of enzyme and a minor peak conng of a c-type cytochrome (Fig. 1) . Similar results were obtained during purification of methanol dehydrogenase from Methylococcus capsulatus (15) and Pseudomonas M27 (1), where cytochrome was separated from methanol dehydrogenase in the final step by gel filtration. A photomicrograph of the crystalline methanol dehydrogenase showed that the enzyme crystallized in the shape of needles.
The crystalline enzyme preparations migrated as a single protein band when subjected to electrophoresis on polyacrylamide gel (Fig. 2) . By ultracentrifugal analysis, the Schlieren profile of the methanol dehydrogenase revealed a single symmetrical peak, with a sedimentation constant (s2o,w) of 3.0S (Fig. 3) .
The purified methanol dehydrogenase required ammonium chloride as an activator. No catalytic activity was detected in {he absence of ammonium chloride. Activity of the enzyme increased as the anmonium chloride concentration increasd up to 35 pamol per 3.0 ml of assay mixture. Further addition of ammonium chloride neither increased nor inhibited activity. Ammonium chloride could be replaced by other ammonium salts as activator for methanol dehydrogenase. The optimum pH for methanol oxidation was found to be 9.5, with 50 and formaldehyde. Propan-2-ol, butan-2-ol, octan-2-ol, cyclohexanoL isobutanol, benzyl alcohoL acetaldehyde, and propionaldehyde were not oxidized ( Table 2) . Oxidation of formaldehyde by methanol dehydrogenase presumably is due to the fact that in aqueous solution formaldehyde is more than 99% hydrated and appears to the enzyme to be an analog of methanol (24) . The methanol dehydrogenase from M. methanica was stable to acid treatment and did not lose activity when the pH was lowered to 4.0 with 0.1 N HCI. Activity was completely lost when the pH was lower than 3.3.
The molecular weight of methanol dehydrogenase was estimated by gel filtration to be 60,000. The subunit size estimated by electrophoresis on polyacrylamide in the presence of SDS was 60,000. The amino acid content was determined after 24-, 48-, and 72-h acid hydrol- trophs was determined by immunodfffusion techniques. Strong precipitin bandswere formed, and spur formation was not detected when the methanol dehydrogenases were derived from M. methanica strain S1 or A4 (Fig. 5) (-----) apo-methanol dehydrogenase. neighboring wells (Fig. 5) . Thus, all the above organims lack some antigenic determinants that are present in M. methanica strain Si or A4.
Inhibition by immunoglobulin ofmethanol dehydrogenase activity in cell extracts of various oblUgate methylotrophs was studied by polarographic assay. The concentration of immunoglobulin required for 50% inhibition of methanol dehydrogenase activity did not vary significantly among various obligate methylotrophs (Table  5) .
Preparation and properties of apo-methanol dehydrogenase. Since the methanol dehydrogenase has an absorption peak at 350 nm due to the presence of a pteridine derivative as a prosthetic group (2), the preparation of apomethanol dehydrogenase was followed by the disappearance of this peak and loss of enzyme activity. The optimum pH for removal of the pteridine prosthetic group was 4.5, with 50% recovery of the apo-methnol dehydrogenase.
At pH 5.0 only 20% of the enzyme activity was lost, with concomitant loss of the pteridine absorption peak. At pH 4.0 there was complete loss of both the absorption peak at 350 nm and enzyme activity. Only 10% recovery of the apomethanol dehydrogenase was achieved-; 90% of the protein was denatured (Table 6 ).
The apo-methanol dehydrogenase migrated as a single protein band having electrophoretic mobility similar to that of holo-methanol dehydrogenase when subjected to electrophoresis on polyacrylamide gel (Fig. 2) . By ultracentrifugal analysis, the Schlieren profile of the apo-methanol dehydrogenase revealed a single peak with a sedimentation constant (s2o,,w) of 3.OS, similar
to that of holo-methanol dehydrogenase. The apo-methanol dehydrogenase peak was eluted in the same fractions as holo-methanol dehydrogenase when passed through a Bio-Gel agarose A-1.5 column with a molecular weight of 60,000.
Immunologically, the apo-and holo-methanol dehydrogenases were found to be homologous, since they gave precipitin bands of complete identity and no spur formation was detected when examined by the immunodiffusion techmque on Ouchterlony double-diffusion plates (Fig. 6) . The absorption spectrum of apo-methanol dehydrogenase is shown in Fig. 4 lowering the pH to 5.0. The purified enzyme from M. methanica has an absorption peak at 350 nm. A similar absorption peak was recorded for methanol dehydrogenases from other methane-and methanol-utilizing organisms (1, 15, 24, 27) . The purified enzyme exhibits fluorescence peaks at 440 and 470 nm. It has been reported by Anthony and Zatman (2) that the purified enzyme from Pseudomonas M27 does not fluoresce, but green fluorescent material diffusible on dialysis is produced when the enzyme is treated with acid or alkali or when it is boiled. On the basis of the fluorescence and absorption spectra, the prosthetic group of methanol dehydrogenase has been characterized as a pteridine derivative (2) . Two possible mechanisms have been proposed for the involvement of a pteridine prosthetic group. In the first, the pteridine acts directly as a hydrogen acceptor; in the second, the hydrogen transfer function of the pteridine derivative is linked to its role as a Cl carrier. Urushibara et al. (26) demonstrated that pteridine present in the methanol dehydrogenase is not a folate derivative and isolated three pteridines from the M. capsulatus: 2-amino-4-hydroxy-6-carboxypteridine, 2-amino-4-hydroxy-6-methylpteridine, and L-threoneopterin 2',3'-phosphate. Recently, Sperl et al. (24) presented evidence that the pteridine in methanol dehydrogenase from M. capsulatus may be a 2,4-dihydroxypteridine (lulmaine).
There has been no previous report on the removal of the prosthetic group and the preparation of apo-methanol dehydrogenase. We have for the first time prepared apo-methanol dehydrogenase from M. methanica, using a technique analogous to that used for the removal of flavin from flavoproteins (12) . The physicochemical and immunological properties of apo-and holomethanol dehydrogenases are practically identical, indicating that the apoenzyme is not denatured or degraded protein. So far, however, all attempts to reconstitute the apoenzyme using various pteridines have been unsuccessful. It may be that a slight change in structure of the enzyme on removal of the prosthetic group disturbs the binding site for the pteridine or that a change in structure of the prosthetic group upon release from the holoenzyme makes it difficult to reconstitute the apoenzyme.
Antisera prepared against the purified enzyme from M. methanica cross-reacted and inhibited isofunctional enzymes from both type I and type II obligate methylotrophs. In contrast, antisera prepared against the methanol dehydrogenase from another type I obligate methylotroph, M. capsulatus (15) , cross-reacted only with enzymes from type I obligate methylotrophs.
